Abstract: Compared to conventional solvents used in the chemical industry, deep eutectic solvents (DESs) are considered as promising potentially sustainable solvents. DESs are binary mixtures and the resulting liquid mixture is characterized by a large melting point depression with respect to the melting temperatures of its constituents. The relative melting point depression becomes larger as the two components have stronger attractive interactions, resulting in non-ideal behavior. The compositional range over which such binary mixtures are liquids is set by the location of the solid-liquid phase boundary. Here we present experimental phase diagrams of various recent and new DESs that vary in the degree of non-ideality. We investigate whether thermodynamic models are able to describe the solid-liquid equilibria and focus on relating the parameters of these models to the non-ideal behavior, including asymmetric behavior of the activity coefficients. It is shown that the orthogonal Redlich-Kister-like polynomial (OP) expansion, including an additional first order term, provides an accurate description. This theory can be considered as an extension of regular solution theory and enables physical interpretation of the fit parameters.
Introduction
Deep eutectic solvents (DESs), introduced at the beginning of this century [1] , are binary mixtures that have melting points significantly below those of the individual substances. Since a wide range of components can be selected as DES combinations, many resulting binary liquids may be compliant with the green chemistry principles [2] . The identification of new DESs is, however, often followed by directly focusing on possible applications [3] [4] [5] [6] of the liquids, while the phase diagrams and other fundamental properties scarcely receive attention [7] [8] [9] [10] [11] . A key characteristic of DESs is the larger decrease in melting point upon mixing the constituents, which is maximal at the eutectic composition and is significantly stronger as compared to ideal melting point depression. However, there is no consensus yet on how large the decrease in melting point should be, or what the reference should be in order to refer to a particular eutectic mixture as a deep eutectic solvent. Recently research into the nature of the interactions responsible for this non-ideal behavior has emerged [12] [13] [14] [15] [16] [17] [18] . Work on the prediction of solid-liquid phase behavior has been performed with PC-SAFT [19, 20] , although the interpretation of such models is not completely straightforward. Previously, we applied regular solution (RS) theory to eutectic phase behavior to quantify the non-ideal interactions between the components with a single parameter [21] . The advantage of RS theory is that it yields an interaction parameter which is independent of composition and has a physical meaning [20, 22] . However, RS theory is limited to describing systems that exhibit symmetric non-ideal behavior and, as shown here, moderate non-idealities only.
Here we explore to which degree thermodynamic models are able to quantify and describe the solid-liquid equilibrium behavior of recently reported [21] and well-defined eutectic mixtures, frequently called deep eutectic solvents. We compare a commonly used engineering model, non-random two-liquid theory (NRTL) [23] [24] [25] [26] , to describe two-phase equilibria, and study the accuracy of using the Redlich-Kister approach [27, 28] . Particularly, we use a systematic orthogonal Redlich-Kister-like polynomial (OP) expansion [29, 30] , which can be considered as originating from RS theory. We quantitatively compare the models using a variance analysis to assess the significance of each additional parameter. Since these models yield multiple interaction parameters, we calculate the corresponding activity coefficients to express the non-ideality. In order to evaluate the suitability of these models to describe the solid-liquid equilibrium for a range of non-idealities in DESs, we studied three binary mixtures which differ in one component and in non-ideality. This enables to assess the suitability of these models to describe different degrees of non-ideality featured by eutectic mixtures. Figure 1 presents the components used to measure the phase diagrams; erythritol (E), succinic acid (S), pimelic acid (P) and Pe 4 NBr (T). The DESs composed of these components are denoted as ET, ST and PT. These systems represent a mildly non-ideal DES (ET), a moderately non-ideal DES (ST), and a strongly nonideal DES (PT). 
Materials and methods

Characterization of the individual components
The chemicals used to prepare the DESs are listed in Table 1 . The chemicals were dried overnight under vacuum before use. The water content of the individual components was measured using a Metrohm 831 KF coulometer with a generator electrode with diaphragm and Hydranal Coulomat AG was used as titration medium. The detection limit is 10 μg. Samples of approximately 1.5 g were heated until fully melted using an 832 KF Thermoprep to measure all water present. The melting points and enthalpies of fusion measured are listed in Table 2 and compared to literature values. The melting points measured are within 1 % of the literature values. The enthalpies of fusion of the dicarboxylic acids are higher than found in literature, erythritol is comparable, and Pe 4 NBr is slightly lower. The measurements were performed using a TA Q2000 Dynamic Scanning Calorimeter (DSC), with an accuracy of ±0.1 K for T * and <1 % for ΔH, and a precision for T * of ±0.4 K. The melting point was determined from the minimum of the temperature derivative of the heat flow at the descent of the melting peak at a heating rate of 1 K · min 
DES preparation and characterization
Glass containers, spatulas and tweezers were dried overnight in an oven at 105 °C. The dried utensils were transferred into a glovebox with inert nitrogen atmosphere with typical values of 0.5 ppm O 2 and 1.5 ppm H 2 O. The overpressure in the glovebox was kept at 1.5-2.5 mbar. The mass of the individual components of the DESs was determined inside the glovebox using weighing boats and an analytical balance, with a resolution of 0.1 mg. Together with a magnetic stirring bar, the components were added to a glass vial. Subsequently the mixture was heated above the highest melting point (T * ) of the individual components while stirring. The resulting liquid mixture was poured in a mortar, cooled down, and after crystallization grounded with a pestle to obtain homogenous, fine powders. Samples were prepared covering a wide composition range. 
Model Abbreviation ΔG
E /RT Equation number
Regular solution theory RS
A capillary melting point apparatus (Büchi melting point B-540) was used to measure the melting points and eutectic temperatures of the DESs ET and ST. For each composition two capillaries were filled with approximately 5.0 mm of fine sample powders and hermetically closed with hot glue before removal from the glovebox. The samples were first heated at a rate of 5 K · min −1 and the eutectic temperature was recorded when the first liquid appeared. Next, the samples were cooled to RT and crystallized for at least 24 h. Subsequently, the samples were heated at 1 K · min −1 until a uniform liquid was obtained. The eutectic temperature (solidus) was recorded upon the first appearance of liquid and the melting point (liquidus) upon the disappearance of the last amount of solid. After complete liquefaction and subsequent crystallization, the first melt could not be readily distinguished from the neatly recrystallized phase. Therefore, only the melting point was determined in the last heating step at 1 K · min −1 , yielding two solidus and liquidus temperatures in total. For a given composition, this was executed using at least two samples. During all heating cycles, images of the mixtures were recorded using a photo camera (Canon EOS 50D, Macro Lens EF 100 mm 1:2.8 USM), capturing a photo every 5 s.
The measurements of the eutectic temperature of PT was performed as for ET and ST, while the melting points were measured using a TA Q2000 DSC, because kinetic effects disturbed the capillary melting method. Two samples of each composition were cramped into Tzero hermetic aluminum pans inside the glovebox. These samples were measured using four heating-cooling cycles. During the first and second cycle the sample was heated at 10 K · min −1 to 10 K above the melting point of highest melting component. Cooling was performed at a rate of 10 K · min −1 until 263 K. Subsequently, the sample was heated again to 288 K and held isothermally for 5 min to allow complete recrystallization. This sequence was the same for all cycles. For the third and fourth heating cycle the applied heating rate was 5 K · min −1 and 1 K · min −1 , respectively. The apparent melting points were determined at all three heating rates by taking the minimum of the temperature derivative of the heat flow at the descent of the last peak. The melting point was determined by extrapolating the apparent melting points to a heating rate of 0 K · min 
Theory
Deviations from ideal behavior can be quantified straightforwardly by activity coefficients. Classically, activity coefficients are a common manner to link activities to concentrations and for a binary mixture composed of components i = 1, 2 they are related to the molar Gibbs mixing energy Δ mix G, the ideal Gibbs energy ΔG id and the Gibbs excess energy ΔG E [40] as follows:
Note that we use molar Gibbs energies throughout. The activity coefficient γ i is related to Δμ i via:
where T is the melting point of the mixture and T i * the melting point of the individual component. For simplicity we assume the enthalpy independent of temperature, thus assuming a constant heat capacity. The molar excess Gibbs energy ΔG E is then obtained after subtracting ΔG id , which is obtained when γ i = 1. The studied solid-liquid phase diagrams were obtained by measuring the eutectic temperature and melting points for various compositions as described in Section "Materials and methods". For each activity coefficient model explored here (see Table 2 ), this generates an expression to describe the solid-liquid equilibrium with certain fit parameters.
OP expansion
Regular solution (RS) theory was proposed by Hildebrand and Scott [41] and is originally based on a lattice model with random mixing of components 1 and 2 in case of binary mixture. The entropy of mixing in this model is considered to be ideal, so S E = 0 and H E = G E . The non-ideality results from short-ranged nearest neighbor interactions of component 1 with component 2 according to eq. 1 in Table 2 . The excess functions can be expanded in a Taylor series and the resulting coefficients can be interpreted as interaction parameters. This is especially helpful when considering systems at higher concentrations, at which the partial molar properties are non-linear functions of composition. Redlich and Kister [27, 28] proposed such an expansion by adding a polynomial in (x 1 − x 2 ). The RK polynomial (eq. 2 in Table 2 ) has the advantage that corrections on the result are imposed from the center x 1 = x 2 = 0.5 towards lower and higher mole fractions. Pelton and Bale [29] used an orthogonal polynomial in (x 1 − x 2 ), (eq. 3 in Table 2 ). The OPs are essentially Legendre polynomials in (x 1 − x 2 ) with the property that the various coefficients are independent of each other. This allows the evaluation the significance of every added coefficient (fit parameter) separately. The zeroth order terms in RS theory and the OP expansion are identical, χ = p 0 , and thus can still considered to be a property of the binary mixture. Here we compare the RS fits resulting from fitting to solidus data only [21] , with the results from the OP expression for the p 0 parameter fitted to all the data available, thus also including the liquidus data. The variance, however, will be determined from the liquidus and solidus data for both methods.
NRTL
The non-random two-liquid (NRTL) model is one of the most well-known local composition models for thermodynamic excess functions. The detailed expressions for the activity coefficients for this model can be found in the supplementary information (SI). These expressions basically are an extension of Wilson's equations [42] , including a non-randomness parameter [43] α. The non-randomness arises from the difference in interaction energy of the central molecule with the molecules of its own kind, and that with molecules of the other kind. It is noted that the assumption made in both the Wilson and the original NRTL equations (with α taken as a constant) that the local compositions around the central molecules i and j are independent of each other leads to an inconsistency in the overall composition of the mixture [44, 45] . Figure 2 (left panel) show the obtained phase diagrams for the chosen DESs. The data points shown result from averages of the raw data provided in the SI. The error bars depicted are the resulting standard deviations after grouping data points for clarity. The fits were performed on the raw data. The first observation of the figures is the clear deviation between the measured data points and predicted ideal behavior (gray curves). The non-ideality can be quantified directly from the solidus data (eutectic temperature) using RS theory which allows for a subsequent prediction of the full phase diagram, which are the blue dashed curves in Fig. 2 . This results in a reasonable description of the phase diagram for ET and ST. For PT only a qualitative description of the phase behavior is achieved. We expect that these quantitative discrepancies become larger with stronger non-idealities.
Results and discussion
A characteristic of RS theory is that with a more negative interaction parameter χ (i.e. stronger effective attractions), the eutectic point limits to x 1 = x 2 = 0.5. Therefore, the eutectic composition cannot be shifted beyond this point when varying χ and this has important implications. In the case of PT, the 'ideal' eutectic point is situated at x Pe 4 NBr < 0.5, while the experimental data suggests that the eutectic point lies at x Pe 4 NBr > 0.5. This characteristic means that RS theory cannot describe this phase behavior accurately. To account for the experimentally detected asymmetric non-ideality, we evaluated models with additional degrees of freedom. For this we used the orthogonal Redlich-Kister-like polynomial (OP) and used the NRTL model as a benchmark. The value of every additional order was evaluated using an F-test. This revealed that for ET the expansion does not add value, which is expected since the discrepancy between the fit and data is comparable to the experimental accuracy (±0.5 K). For ST and PT the addition of a first order term improves the fit significantly, as the difference in standard error is significantly larger than the experimental accuracy. The OP expansion was truncated after the first order term, since adding higher orders did not result in a statistically better fit.
The first order OP descriptions perform equally well or better than the benchmark NRTL model, while the OP model has only two fit parameters. The parameter p 0 is directly related to the eutectic temperature and p 1 is related to the asymmetry of the phase diagram. The models fitted to the temperature data also accurately describe the non-ideality as expressed by the activity coefficients, see Fig. 2 (right panel). Table 3 summarizes the obtained eutectic point and eutectic temperature for every model applied. Table 4 presents an overview of all the fit parameters for the different models and in Table 5 a summary of the variance analysis is listed. For the full variance analysis data, see the ESI. Finally, we note that we used mole fractions as is commonly done; however, in view of the size difference between the molecules of the different components it may be more appropriate to use volume fractions instead. The present model considers an excess free energy in which we do not explicitly distinguish entropic and enthalpic interactions. A natural follow-up is to include excess entropy of mixing in a theoretical framework such as Flory-Huggins entropy of mixing or Guggenheim-Staverman entropy of mixing. The authors refer the interested readers to work in which the Flory-Huggins entropy of mixing is applied to these eutectic mixtures [46] . The interaction parameter χ decreases if Flory-Huggins mixing entropy is accounted for, which is enhanced whenever the molar volumes of the components differ more. ). SE is the standard error between the fit and the data points. The critical F-value (F c ) was determined at a significance level of α = 0.05.
Conclusions
We studied the phase behavior of binary mixtures that exhibit non-ideal eutectic behavior. The liquid regions of such mixtures are often termed deep eutectic solvents (DESs). We focused on using various thermodynamic models to quantitatively describe the solid-liquid equilibrium. We present recently reported phase diagrams of DESs plus a phase diagram of a new DES which exhibits strongly non-ideal behavior. We showed that regular solution theory provides a measure for the non-ideality of DESs, also when strong attractions are present. In case of strongly non-ideal behavior, it is necessary to take the asymmetry of the non-ideality into account in order to quantitatively describe the liquidus data and to make an accurate interpolation of the eutectic point. To this purpose we used Redlich-Kister-like orthogonal polynomial (OPs) as an expansion for RS theory and compared the results with the NRTL model. We showed that OPs yield a description at least as good as NRTL, while having only two fit parameters. The addition of a second or higher order terms in the OP expansion did not result in a significantly better description of the solid-liquid equilibrium. Because the polynomial used is orthogonal the physical interpretation of the first OP parameter can be identified as the interaction parameter χ from RS theory, whereas the second parameter describes the asymmetry. The interaction parameter χ enables one to directly assess the extent of the non-ideality of any, simple, eutectic mixture.
